This article discusses the state of the art for driving technologies of anchor handling winches for offshore operations. These systems are necessary for anchor handling operations associated with installation of many types of moored floating offshore structures. To perform these operations, it is necessary to use specialized vessels known as AHT (Anchor Handling Tug) or AHTS (Anchor Handling Tug Supply) vessel, which incorporate specific equipment such as towing winches, but with higher performance than conventional tugs both in size and in technical performance. There are nowadays two main options for driving the Anchor Handling/Towing winches: hydraulic with low or high pressure motors, and electrical with AC motors driven by Variable Frequency Drives. Additionally, a new technology is appearing in the industrial sector which is starting to be applied in the marine sector, and in some cases for anchor handing winches: the permanent magnet motor. The aim of this paper is to discuss these driving technologies and their importance in the future of this part of the marine sector.
Introduction

The AHTS vessel and the AHT Winch
The offshore oil rigs used in the Oil & Gas sector are of very different types and have different ways of stationkeeping, depending on the waterdepth and environmental conditions in their intended location. Many of these platforms are positioned using heavy chain or wire cables attached to anchors fixed at the seabed. In addition, the offshore renewable energy sector is increasing its development in the last years [1] . Although there are several types of marine renewable energies: tidal, currents, wave, wind, salinity, etc., the most important one is offshore wind, in which Europe is the leading player [2] . There are two main types of offshore wind energy platform: fixed systems and floating Miguel Lamas Pardo, Luis Carral, A review of the drive options of Laura Castro-Santos, Juan Carlos Carral Couce Offshore Anchor Handling Winches 120 devices. The main difference between them is the fact that fixed technology has initially been used for shallow waters (up to 50 -60 m) where most activity has occurred to date, and floating platforms are now being designed for deeper waters (more than 50 -60 m of depth) [3] further offshore where higher wind speeds may be present. Therefore, the position keeping of the floating offshore wind devices will be developed in the future using different types of mooring and anchor systems.
For these offshore mooring works, the type of vessel used is the "Anchor Handling Tug Supply (AHTS) Vessel". As the name suggests, the main missions of these vessels are [4] - [7] : -Tow the platform into position ("Tug") [8] -Manage the deployment of the platform mooring lines and anchors to position the platform in its location ( Fig. 1 ) ("Anchor Handling") [9] . -Perform operational support tasks such as platform supply ("Supply") [10] .
-Perform other operations, such as serving as Vessel Rescue and Recovery Emergency ("Emergency Rescue and Recovery Vessel, ERRV") [4] . These types of AHTS vessels are fitted with specialised equipment for the work of towing and anchor handling. Although composed of various elements, the heart of this system is the winch for towing and anchor handling [6] . The winch is designed to handle wire rope and usually contains both Anchor Handling Drums (AHW) and Towing Drums (TW) ( Fig. 2 and Fig. 3 ), as well as wire storage drums. The drums are normally connected to the same drive system. The anchor handling winch should have multiple gears to allow high pulling force at low gear, and higher speed at high gear. An arrangement with variable braking power should be present for cases when the tension is excessive [13] . The winch drive system may either be hydraulic, electric or diesel direct drive. The direction of rotation is normally underwind, so that the work wire has a small downward angle towards the stern of the vessel.
Maximum traction winch as a design variable
The main variable that defines these winches is the initial pulling capacity, normally expressed in tonnes at the first layer of wire. This defines the required power of the drive system [14] . Table 1 shows some examples of AHTS winch pulling power for typical AHTS, defined by their length and class/design. Here, the AHTS vessels have been divided into different categories (Low, Medium, High) according to the installed winch capacity. Three categories have been established: 200, 300 and 500 T-f, relating the value of the equipment capacity to an approximate indication of the length of the ship. Within the advanced control of winches installed on ships [13] , [15] , [16] , two possible solutions to maintain tension and speed within predetermined values coexist: constant tension (Tension Activated) mode and constant speed mode (Motion Activated). The first mode control system responds to changes in cable tension, paying out or pulling in wire as required to maintain tension. On the other hand, the constant speed mode allows speed to be continuously and automatically adjusted to provide a constant and speed of displacement of the end of the cable.
Regardless of that, the operation of all these types of ships requires winch speed variation by acting on the drive, regardless of whatever type of drive is used [9] . Therefore, the control function must as a minimum control its rotational speed, seeking to obtain the proper pull in or pay out speed. Fig. 4 . shows a simplified control and drive model for an winch anchor-handling [9] , [13] Miguel Lamas Pardo, Luis Carral, (Fig. 3 ).  hydrostatic transmission based on a hydraulic motor of high torque and low speed with a direct drive to the winch (Low Pressure Hydraulic -LPH) (Fig. 2) .
Main type of driving technologies for AHT winches
The control system function is to vary the speed of pull in and pay out using the action taken by the drive, regardless of whether this is electric or hydraulic type [9] . This solution requires the installation of a controller to vary the speed of the winch cable by acting on the angular speed of the motor. Fig. 4 .Winch system is composed of the electric drive, the reducing gear and the set formed by the drum, the shaft and the spooling system.
The drive motor is a rotating axis driven by an input torque and delivering an output torque to the gearbox, where is the angular speed of the shaft, , are the torque delivered by the engine and the gearbox resistive torque. The mechanical gearbox, which is interposed between the electric drive and the winch shaft, has the function of adapting the engine output speed to the required speed of rotation of the winch [16] . This is achieved by the reduction ratio "i". Relations between angular speeds and torques have the following notation: input torque, angular speed and angular position in the input shaft (motor side) ( , ) and output reduction gear (winch side) (
Finally, the winch consists of a rotation shaft subjected to the action of the couples of the gearbox output and the traction of the cable on the corresponding layer of the winch drum.
Winch drives for AHW and TW
Nowadays, in the market two types of drives (motor+gear) can be considered for the AHTS vessels:  Hydraulic, low pressure, the most widespread (LPH)  Electric, three-phase asynchronous motor controlled by inverter (EL)
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The following objects are the main elements:
 AH-DRUM: drum for anchor handling operations  TW-DRUM: drum for towing operations  GEAR CASE: gearbox, mechanical interface  ELECTRIC MOTOR: motor electric drive (n the case of hydraulic drive this is a hydraulic motor)  GUIDE ROLLER: gypsy for anchor handling guide to the chain locker  WATER BRAKE: water cooled brake used to slow the machine during fast wire run off (electric winches can use resistive braking)
As seen below, these types of drive have a number of advantages and disadvantages [14] . Today manufacturers focus on finding a new drive that has the advantages of both low-pressure hydraulic actuators and electrical induction motors, but at the same time avoids the drawbacks of each.
A drive which could meet these requirements is the permanent magnet motor (PMM). In these the following equation is fulfilled:
This is a technology which is still in its early stages, yet it has already been used in some anchor handling winches for other purposes.
LPH
The most widely used type of anchor handling systems is a hydraulic drive type, and in particular, the low hydraulic pressure system [17] . High pressure systems are used in some applications, but are less frequent. This design performs well on AHTS and on other vessels such as tugs and fishing boats [14] , [18] , mainly due to widespread experience with this type of drive by the owners and operators, and also by the great inertia of the sector to change from established solutions. De Angelis, V., (2009) performed a similar analysis between HPH and other drive types for the case of deepwater winches for use in biological oceanography and fisheries [19] . However, he did not take into consideration in the analysis the case of the LPH in the AHTS sector.
Advantages
The main advantage of the hydraulic system is that it allows precise and smooth control with high torque at low revolutions [17] , [18] .
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Disadvantages
Although hydraulic drives have been the most used for years, they have a number of disadvantages that often allows the electric alternative to now be presented as the best option. These drawbacks are listed below:
Low efficiency. The low efficiency of hydraulic drives (which usually begin with an electric motor driven power pack) is well known and even acknowledged by Nürnberg A., (2010), who promotes the development of LPH instead of the EL asynchronous type [17] . Table 2 shows the performance of each of the alternatives, showing that asynchronous electric has a much higher mechanical performance: Higher noise and vibration. The hydraulic power packs and piping are noisy and this can be a problem if installed close to living spaces on the vessel. This is an increasing problem as standards for crew accommodation are constantly improving in all sectors.
Higher pollution risk. By having the possibility for oil leaks.
Large and heavy equipment. In hydraulic systems large tanks, pumps and pipes are used, because of the huge flow needed to get the power and speedrequirements of these machines. Thus:  A lot of space is needed under cover to accommodate the power unit.  The required pipe diameters of the order of 150 DN and expensive and difficult to fabricate and install  Weight and space are costly parameters to provide on any floating vessel Need for high maintenance. This is because these are delicate machines, subject to contamination of the hydraulic oil.
Electric motors using three-phase asynchronous motors
Apart from the drawbacks described above, a number of developments in recent years have led manufacturers of anchor handling systems towards adoption of electric drives. Such circumstances are primarily:
 Increased diesel electric propulsion systems on the vessels, which means that there are already a large number of electrically powered systems on board [20] .
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 The drive (torque and speed control) of asynchronous motors is much improved in recent years thanks to the technology of variable frequency [17] .
These and other circumstances have led winch manufacturers to try to replace hydraulic drives with the less polluting and more efficient three-phase asynchronous electric motors (Fig. 4) .
Advantages. Electrically operated winches transfer electrical energy directly into mechanical energy and so have a better efficiency compared to hydraulic systems [19] .
Disadvantages. However, the electric system also has a number of drawbacks:
 Three-phase asynchronous motors need a lot of power, and consequently the necessary equipment can be expensive  Due to the high motor speed, the requirement of expensive planetary / epicycloid reduction gears is necessary, introducing very complicated mechanisms  The response in terms of speed and torque control is less accurate than the hydraulic drives, although it is improving rapidly with frequency inverters
Advantages of an electric drive versus the traditional LPH drive
The most relevant aspects in terms of comparing these two drives are:  Efficiency  Weight and volume
Regarding efficiency, the electric drive is more efficient (Fig. 4) . As a result, less power can obtain the same benefits as with a hydraulic system. All of this improves the energy balance of the ship, estimated to obtain savings of between 30% to 40% compared with the LPH alternative [17] . Similarly, the capacity of regeneration during braking should be taken into account, also obtaining occasional energy savings [19] , [21] . It is important to notice the existence of an important electricity generation capacity in the ship to be used in the auxiliary systems and, even, the propulsion systems. In the LPH option this electrical energy should be converted into pressure energy using a Hydraulic Pressure Unit (HPU). Regarding weight and volume, these are important factors due to the high installed power of the drives of these systems. At the same time, this will lead to higher values in the weight of the associated equipment and services finally affecting the lightship weight and displacement of the ship and thus its building and operating costs [22] . The EL drive has less volume and weight demand. However, it must be noted that the variable frequency drives cabinets contain temperature sensitive components and usually require to be located in air conditioned spaces in the vessel.
Considering maintenance, EL systems reduce the maintenance labour during the life of the equipment [19] . This is due to two reasons: through the use of more standard elements, which makes providing them easier; and due to the presence of fewer moving parts or parts subject to deterioration due to dirt. It is also important to note that LPH depends on a small number of system manufacturers, which may tend to keep prices high. On the other hand, it must be noted that hydraulic systems generally require a lower technology capability onboard, while specialist crew members or vendor support is required because of the PLC logic and specialist electrical components used in the variable frequency drives.
Regarding safety, the presence of hydraulic oil, with the inevitable losses that occur at connections and couplings, leads to necessary cleaning tasks on the decks. Despite the application of this preventative action, with the EL system a safer working platform should be obtained. This factor is very important because it affects the risk of accidents to the staff involved in the complicated operations of anchor handling.
In terms of noise, the hydraulic equipment is noisier than the electric system because of its pumps, which are characterized by their high level of noise.
Finally, in terms of pollution, the EL is more respectful of the environment for two reasons: firstly eliminating potentially polluting components, such as oil, and avoiding the installation of large diameter pipes, drains, etc. Therefore, it is equipment which is more consistent with the "Green Passport" that these ships should hold to operate with oil platforms in safe and environmentally friendly conditions, eliminating potential tank cleaning or oil leaks at sea. Secondly, consuming less fuel for the electricity generation achieves a reduction of pollutant emissions ( 
Electric drives with PMM.
Evolution of classic engines
The evolution of developing electric motors is based on three generations or stages:  1 st Generation  2 nd Generation  3 rd Generation 1 st Generation are the "classic" engines. The first generation has three engine types which can be regarded as classic: the DC (Direct Current) motor with collector and excitation winding, the induction AC (Alternating Current) motor (asynchronous) and the AC synchronous motor. If these are coupled to suitable electronic devices it is possible to achieve a variable speed. It is in combination with these engines that most of the technological and commercial development of power and control electronics that exist today has been obtained [23] .
2 nd Generation are the PMM. The engines of the second generation are derived from the first generation by replacing excitation windings with permanent magnets. The synchronous motor, to perform the above replacement, automatically becomes a brushless motor. However, in the DC motor the inductors stator poles can simply be replaced by permanent magnets.
3 rd Generation allows an additional transformation. In this sense, reversing the roles of the rotor and stator it can go from the DC PMM to the DC permanent magnets brushless. In this third generation, the switched reluctance motor is also included, which is not derived from any of the above.
The engine considered here is the 2 nd Generation permanent magnet synchronous motor for its applicability to drive high-performance machines.
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The PMM are used in industry in applications which require variable speed and constant torque with high efficiency, such as compressors, conveyor belts, etc. Moreover, its use is increasing in projects that include soft torque, low noise and low vibration levels, such as for example, elevators [23] .
In addition, they have been used for decades at a small scale for their good weight-performance ratio, for example in the computer industry. In recent years, they have been perfected offering high accuracy and reliability to applications requiring high torque and low speed (as in the case of anchor handling winches). This new technology of PMM helps to eliminate reductors in many industrial sectors such as the paper industry [24] . An example is shown in Fig. 6 : . 6 . Setting the drive with (a) conventional induction motor, gearbox and drive shaft; (b) Direct drive system with PMM [24] Nowadays, PMM are extensively used in servomotors, electric drives for positioning, robotics, machine tools, elevators, etc. Machines of 1 MW of power have been constructed for driving submarines [25] . They can also be applied in generating and pumping using solar or wind energy [26] .
Advantages of the drives for PMM against asynchronous (induction)
The PMM are used in industry in applications which require variable speed with constant torque and high efficiency and projects in which low noise and low vibration are required. In comparison with an induction motor of the same power, the lifetime of the PMM is significantly higher, while its volume is reduced by approximately 47%, resulting in a high ratio torque/volume, and the weight decreases about 36% [21] .
The main advantages [21] , [27] However, their use in the marine field has so far been only in a few known cases linked to the main propulsion [28] , and only recently has it begun to be applied to winches for anchor handling and other offshore applications [29] .
PMM in marine applications
PMM in marine applications for main propulsion
Although its advantages seem suitable for use as main propulsion motors (high torque and low speed are required), the use of PMM is still emerging in this field because the technology is not yet too advanced [28] . The main advantage of using PMM in main propulsion is that it is possible to eliminate the reduction gear. Some examples exist in the Offshore and Military sectors [28] , [30] .
4.2 PMM in anchor handling winches.
These engines have a low moment of inertia and low mechanical time constant, which makes them very competitive with hydraulic systems to operate winches. However, its use in winches of AHTS vessels has not been implemented so far more than in a few cases, mainly because the power required in these types of machines makes the final product more expensive. The Norwegian engineering firm XOT, points out the following advantages of PMM, which make them ideal for applications in winches:  Good for dynamic applications of winches due to:  High torque for volume  Requires less reduction ratio in the gearbox  The lower inertia requires less maximum power  Shorter dimensions -Higher efficiency compared to induction motors -It is possible to obtain a high output torque at low revolutions -Good heat dissipation and, therefore, good capacity to be overcharged However, there are only a few applications of PMM for driving winches in anchor handling, although manufacturers exist who are trying to develop this application. An example is (Fig. 7) Miguel Lamas Pardo, Luis Carral, A review of the drive options of Laura Castro-Santos, Juan Carlos Carral Couce Offshore Anchor Handling Winches
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National Oilwell Varco's AHT winch which is powered by standardized and high efficient drive units each driven by 4-8 PMM. Each unit has the LOADLIM safety release and high-speed payout system, integrated into the gearbox. The NOV AHT winch system combines the best technology available for rotating machinery providing excellent tension control for the operator and a highly redundant drive system [12] . 
Comparisons
At present, electric (EL) and hydraulic (LPH) drives coexist in motorizing AHW and TW, with their different advantages and efficiencies, as Table 4 reflects. The use of electric drives in AHW and TW winches is increasing compared with hydraulic drives, due to the advantages evidenced in 
Conclusions
At present, electric (EL) and Low Pressure Hydraulic (LPH) drives coexist in motorizing Anchor Handling Winch (AHW) and Towing Winch (TW), with their different advantages and efficiencies. In this sense, LPH have a medium efficiency, a high flow control in the hydraulic power unit, but high maintenance demand. However, electric drive with PMM offers a high efficiency, high speed control by variable frequency drive and low maintenance.
Manufacturers of winches for towing and anchor handling have been forced to increase the installed power due to the requirement to equip AHTS vessels of higher capacity and bollard pull, suitable for anchoring platforms that have to operate in areas of very high water depth (up to 3000m). This fact may also affect the offshore wind energy industry, whose installing depth is growing higher and higher (though still much shallower than the offshore industry).
The demand of AHW and TW with higher traction and storage capacity for mooring lines means that the necessary equipment power grows and, thus, an increasing need for efficiency in their drives.
In these vessels, the already established advances in the use of hybrid diesel-electric power plant, linked to other aspects such as dynamic positioning, makes the use of electric drives in AHW and TW winches increase compared with hydraulic drives, due to the improvements of health, safety, environment and operation and their easier installation and maintenance.
The development of the second generation of electric drives leads to the PMM drive which has advantages over induction motors such as improved health, safety, environment, easier operation, easier installation and maintenance, combined with reduced inertia and reduced size.
